Abstract: Changes in environmental conditions can induce organisms to alter their morphology, behavior and life history. Predation is an important factor in many aquatic communities and can strongly select for anti-predator responses. In the present work, we examined the responses in morphology, growth rate and development rate of Elachistocleis bicolor tadpoles raised in the presence of chemical cues from two different predators: a water bug (Belostoma elongatum) and a fish (Moenkausia dichroura). The experiment was performed in microcosm conditions. The experimental design consisted of three treatments: chemical cues from fish, cues from water bugs and a control group. Each treatment was replicated 30 times. Each container held a single larva. The main results were: (1) there were significant differences in body depth between the predator treatments (fish vs. water bug) and between the control group and the water bug treatment, (2) there were significant differences in tail depth between predator treatments (fish vs. water bug) and between the control group and the fish treatment, (3) there were no significant differences in the growth rate and developmental rate among the treatments. Our results suggest that the presence of predaceous fish and water bugs cause different effects on tadpole morphology. In the presence of water bugs, tadpoles decreased body depth, whereas in the presence of fish tadpoles increased tail depth. These responses could be related to the way in which predators capture their prey. Predator chemical cues did not have any detectable effect on the growth rate and development rate of E. bicolor tadpoles.
Introduction
Theoretical models propose that plasticity evolves when populations face different environments and that there are fitness "trade-offs" between alternative phenotypes, such that there would not be a single phenotype with higher fitness in all environments (Gomulkiewicz & Kirkpatrick 1992; Moran 1992) . Predation, which is one of the most important factors that influence the structure of aquatic communities, can select directly for antipredator defenses.
Prey species frequently demonstrate highly responsive changes in morphology, behavior and life history to modifications in predation risk (Lima & Dill 1990; Schlichting & Pigliucci 1998; Tollrian & Harvell 1999; Laurila et al. 2004) .
Several studies have examined how predator species induce morphological responses in their prey (Van Buskirk 2002; Relyea 2003; Kishida et al. 2006 ) and compared different morphological phenotypes in prey organisms induced by predators with different strategies of attack (Relyea 2001 a-b; Van Buskirk 2001; Benard 2006; Gómez & Kehr 2011) .
Previous studies have revealed that tadpoles exhibit a variety of responses when facing different predators. Relyea (2001a) , for example, found that in different tadpole species, prey-specific morphological responses to a given predator are common, and that different species of predators induce different morphological and behavioral responses. Van Buskirk (2001) did not find differences in the morphological response to different species of invertebrate predators, but did find different behavioral responses. This author also showed that Rana temporaria (L., 1758) tadpoles develop relatively short bodies and deep tail fins in the presence of different predators. Benard (2006) , on the other hand, found qualitative differences between larvae of Pseudacris regilla (Baird et Girard, 1852) exposed to bluegill and beetle predators. In a previous experiment, we found quantitative differences between Physalaemus albonotatus (Steindachner, 1864) tadpoles exposed to fishes and water bugs (Gómez & Kehr 2011) .
Tadpoles that exhibit an induced morphology (e.g., deeper tail, shorter body, longer tail) have an advantage in survival in the presence of a predator (Van Buskirk et al. 1997; Van Buskirk & Relyea 1998) . However, this represents a cost when the predator is absent (McCollum & Van Buskirk 1996; Van Buskirk 2000) ; these costs are usually related to growth rate. Some previous experiments carried out with caged predators re-vealed that tadpoles exhibit a slower growth and consequently have a smaller size or take a longer time to reach metamorphosis (Wilbur 1997; Kiesecker et al. 2002) . However, the majority of previous experiments carried out with caged predators contrast with the prediction proposed by Werner (1986) ; this works showed that tadpoles exhibit a high growth rate in the presence of predators, and that tadpoles emerge later or at the same time as larvae reared in an environment without predators (Benard 2004; Relyea 2007) .
In the present work, we studied anuran tadpoles of Elachistocleis bicolor (Guerín-Méneville, 1838) because this species breeds in temporary, semi-permanent and permanent ponds, therefore tadpoles from the same population could coexist with assemblages dominated for insect, fish or both predators.
Our main goals were: (i) to identify morphological responses in tadpoles of Elachistocleis bicolor to the presence of different predators: a water bug Belostoma elongatum (Montandon, 1908) and a fish Moenkausia dichroura (Kner, 1858), and (ii) to determine the influence of predators on the growth and development of the tadpoles.
Material and methods
Eggs were obtained from three egg clutches collected on November 11, 2009 from an artificial semi-permanent pond (4 × 4 × 0.5 m) located in the open lands (total surface = 6 ha) of the Centro de Ecología Aplicada del Litoral, 10 km from Corrientes City (27
• 30 S; 58
• 45 W), Corrientes, Argentina, and carried to the laboratory for hatching. Eggs were placed in a shallow plastic wading pool (51 × 36.5 × 12 cm) filled with well water up to 8.5 cm depth. Five days after hatching, the larvae were mixed and randomly assigned to the treatments. Water bugs were collected at different sites in the vicinity of Corrientes City (semi-permanent ponds, pools, ditches, etc.) and fish were collected using dip nets and aquatic funnel traps, from a permanent pond (27
• 28 S; 58
• 43 W). The two predator species were kept in separate containers. Ten fish (3.5 cm in standard length) were placed in a plastic container with 3.5 L of well water in order to obtain chemical cues. For the same purpose, four water bugs were placed in a similar container with 3.5 L of well water. The captive predators were fed three times a week; fish were fed fish food (Shulet brand, Shulet S.A. 108/A/E, Buenos Aires), and water bugs were fed tadpoles. We fed the predators in different containers to avoid introducing chemical cues of their food in the containers and not to influence the tadpole responses. The tadpoles were fed boiled lettuce ad lib. twice a week. The containers that held the predators were partially cleaned twice a week.
Tadpoles that died during the first three days were removed so that the results of the experiment would not be influenced by individual deaths caused by initial stress. Two tadpoles died and were replaced in the experiment.
Experimental design
The experiment was performed under microcosm conditions. Temperature ranged between 26
• C and 29
• C and the photoperiod was 13 h of light and 11 h of dark. Tests were carried out in plastic containers (8 cm in diameter × 9 cm in height) filled with 300 ml of well water. The experimental design consisted of three treatments: chemical cues from fish, chemical cues from water bugs, and a control group. The containers were arranged in three blocks, each containing 10 replicates of each treatment. The 30 containers in each block were placed randomly.
The experiment began on November 16, 2009 (day 0), when tadpoles that reached developmental stage 26 (Gosner 1960) were randomly assigned to the treatments, and finished 20 days later when tadpoles reached approximately stage 31. Each container held a single larva, and each treatment was replicated 30 times, resulting in a total of 90 experimental units.
We used a graded plastic syringe to remove 3 ml of water from each container with tadpoles, and then added 3 ml of water with the chemical signal taken from the containers with predators, keeping the water volume constant. This procedure was performed three times a week. In the case of the control treatment, the 3 ml of water extracted was replaced with 3 ml of well water from a container without predators. Twenty days after the start of the experiment, on December 2, the tadpoles were measured, weighed and classified following the standard larval stages of Gosner (1960) . In order to quantify morphological phenotypic responses, we photographed all tadpoles from each treatment. Tadpoles were photographed in side view using a glass box with a 1 mm grid, and five linear measurements describing morphological traits were taken: body length, body depth, tail fin length, maximum tail fin depth and maximum tail muscle depth (Fig. 1) .
Statistical analyses
Each dependent variable in each treatment was tested for normality (Shapiro-Wilk test) to determine whether the data followed a normal distribution before further analyses were carried out. We performed a two-factor MANCOVA using the treatments as factors and the cube root of the body mass as a covariable (Darlington & Smulders 2001) to eliminate the size effect within morphological measurement. The five morphological variables were included in the analysis. Subsequently, if Wilk's lambda was significant, we performed a one-way ANOVA for each dependent variable. For the significant cases, pair-wise comparisons were made using a Tukey comparison test. In addition, a MANOVA was carried out to determine a possible effect of predators on the growth rate and developmental stage of tadpoles. All statistical tests were performed using SYSTAT 7.0 (SPSS 1997) and XLSTAT 7.5 (Addinsoft 2006) . The photographs were measured using Image-Pro Plus 4.5.
Results
The morphology of tadpoles was significantly affected by the presence of predators (MANCOVA Wilk's Tukey test results 1-2: P < 0.01* 1-3: P = 0.13 1-2: P < 0.01* 1-3: P = 0.11 1-2: P < 0.01* 1-3: P = 0.03* 1-2: P = < 0.01* 1-3: P = 0.08 1-2: P = 0.01* 1-3: P = 0.07 2-3: P = 0.14 2-3: P = 0.43 2-3: P = 0.58 2-3: P = 0.02* 2-3: P = 0.72
Explanations: An ANOVA test for each variable and its posteriori comparison (Tukey test) was tested when the probability was significant. The numbers indicated the treatments (1 -water bugs; 2 -fish; 3 -control). ANOVA probabilities according to Bonferroni criteria: P < 0.01. * Indicates statistical significance at P = 0.05. Lambda = 0.57; F 10,138 = 4.40; P < 0.01) ( Table 1 ). The ANOVAs indicated significant differences in body length, tail length and tail muscle depth between individuals subjected to the predator treatments. However, no significant differences were found between each predator treatment against the control treatment for these variables (Fig. 2 ). Tadpoles exposed to water bugs, that had been previously fed tadpoles, had less depth bodies than those exposed to the fish, which had not been "primed" with tadpoles or control treatments (ANOVA F 2,74 = 6.5, P ≤ 0.01). Tadpoles exposed to chemicals from the fish had deeper tails than those exposed to the water bugs or control treatment (ANOVA F 2,74 = 11.3, P = < 0.01).
In each of the variables measured, tadpoles reared in the presence of fish cues had higher mean values, whereas tadpoles reared in the presence of water bug cues had lower mean values. The control group always showed intermediate values.
No significant differences were found in the growth rate and developmental stages among the treatments (MANOVA Wilk's lambda = 0.98; F 4,146 = 0.27; P = 0.89). Tadpoles exposed to either predator had the same mean values in growth rate (water bugs X = 1.11, SD = 0.26; fish X = 1.13, SD = 0.24; control X = 1.16, SD = 0.19) and development rate (water bugs X = 0.057, SD = 0.028; fish X = 0.053, SD = 0.023; control X = 0.058, SD = 0.026).
Discussion
Many anuran species, especially those which inhabit temporary ponds, are highly vulnerable to a wealth of predators (Werner & McPeek 1994; Blaustein et al. 1996) . Although many tadpole species live in a wide variety of habitats, they typically breed in temporary, semipermanent or permanent ponds and show plastic responses in tail fin depth and a tendency to decrease their growth rates (Wilbur 1997) . Many anuran species have also demonstrated a capacity to detect various predators in the same environment (Hews 1988; Blaustein 1999; Skelly 2001 ).
According to Wojdak & Trexler (2010) , the response to predators by prey should be flexible, to avoid needless reduction in foraging during relatively safe times or in safe places and to avoid mortality if the larvae are under high risk of predation. This happens because predators have different ways to find, capture, manipulate and consume prey; in addition, different prey species have different traits to avoid the encounter or to escape the attack of predators (Relyea 2001a, b) . Since fish are active predators that swim through the water column, a usual anti-predator strategy is to hide in the bottom of the pond (Laurila et al. 2006 ). On the other hand, water bugs are sit and wait predators typically located in or near the substrate. In this work, we found that there were significant differences between the treatments with fish and water bugs. However, this does not indicate a response to the presence of predators given that there were no significant differences with the control treatment. Significant differences might be due only to average values, greater in fish and smaller in water bugs; these extreme measures may generate significant differences between treatments without being representative of the effect of predation. The two variables that showed some effects caused by the presence of the predator were body and tail depth. Tadpoles exposed to water bugs had a significantly lower body depth than larvae in the control treatment. Since water bugs capture prey by grasping their bodies and piercing the body with their mouthparts to digest internal tissues of the tadpoles, they need prey of reach a suitable size in order to be able to capture them (Holling 1964) . Therefore, reducing the body size is an effective anti-predator strategy to decrease the probability of capture. Nevertheless, our results contrast with most previous studies, which found that tadpoles exposed to invertebrate predators exhibit deeper fine tails, because it is widely known that a deeper tail fin acts as a lure that leads the attack to the less vital part of the body (Benard 2006; Kishida & Nishimura 2005; Teplitsky et al. 2005; Lardner 2000; Relyea & Werner 2000) . In this work, we observed that tadpoles exposed to invertebrate predators reduced body depth, in this case, signal of invertebrate predators did not have influences on tail of tadpoles. On the other hand, we showed that the change in tail depth was significantly different between fish and control treatments, and that tail depth was significantly greater when the larvae were exposed to fish chemical cues. This result also contrasts with many previous studies (Benard 2006; Teplitsky et al. 2004; Teplitsky et al. 2003) , which argued that tadpoles exposed to fish develop longer and shallower tails to increase the swimming speed. However, Wassersug (1989) found that deeper tail improve acceleration and not swimming speed. In a previous study, Relyea (2001b) found that different prey responded to a predator fish in a different way. He observed that bullfrogs and tree frogs exposed to fish Umbra limi (Kirtland, 1840) did not exhibit responses in tail depth, leopard frogs and wood frogs increased tail depth, and green frogs and toads decreased tail depth. In another study, Teplitsky et al. (2005) found that tadpoles exposed to fish developed deeper tail fins, but also deeper tail muscle and longer tails, and showed that tail fin depth and body variables did not influence the acceleration responses. However, these authors argued that a deeper tail could be considered a generalized response in tadpoles against all types of predators. In the present work, fish are active predators and E. bicolor is tadpole with little movement. Perhaps for that reason this species does not invest energy on the construction of structure to increase its swimming speed, and an increase in tail depth is a good strategy that allows them to escape by means acceleration (Wassersug 1989) .
In this study, we did not find significant differences in the growth rate or development stages in any of the treatments, i.e., tadpoles of E. bicolor reached the same weight and development stage at the same time. However, the theoretical prediction was unsuccessful to determine that tadpoles exposed to predators should increase their growth rate and metamorphose smaller and earlier than tadpoles in an environment without predators.
Although some works have corroborated this theory (Kiesecker et al. 2002; Lardner 2000) , most previous studies have found no evidence that larvae decrease their growth rate, since it has been observed that tadpoles usually increase their growth rate or develop and grow at the same rate as tadpoles in the absence of predators (Benard 2004; Relyea 2007) .
These results are consistent with a previous experience in which we found that Physalaemus albonotatus accelerates the growth and development rate in the presence of predators (Gómez & Kehr 2011) . In this study, we observed that tadpoles of E. bicolor grew and developed at the same rate in all treatments. This could be result of a behavioral shift, due that in an environment with abundant resources; the tadpoles could have a high growth rate at low levels of activities (Peacor & Werner 2004 ), particularly in this species which feeds almost exclusively in the water column by oral suction since it lacks keratinized mouth parts (Williams & Gudynas 1987) .
